Abstract: Based on composite optical transformation, we propose a rotatable illusion media with positive permittivity and permeability to manipulate terahertz waves, and a new way to realize singular parameterindependent cloaks when the incident wave with a certain width propagates from specific incident directions. The fundamental mechanism of this kind of cloak is that the illusion media can be able to avoid the incident wave interacting with the objects. Comparing with traditional transformationcoordinate-based cloaks such as cylindrical-shaped cloaks, our cloaks are independent of singular material parameters. Furthermore, this type of rotatable illusion media can be applied to design tunable miniaturized highdirectivity antenna (a small antenna array covered with the rotatable illusion media appears like a large one and meanwhile, the radiation directions of the small antenna array is tunable via this rotatable illusion media). Full wave simulations are performed to confirm these points.
Introduction
Transformation optics (TO) as a new method to manipulate transmission paths of electromagnetic waves has attracted much attention [1] [2] [3] [4] [5] [6] . The fundamental principle of TO is the form-invariant of Maxwell's equations between the physical space and the virtual space [7] , by which many fantastic phenomena/devices such as cloaks, field-rotating devices, wave concentrators, beam splitters, waveguide bends, artificial wormholes, illusion systems and antennas are realized [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Among them, one of the most important and typical applications is the invisible cloak, which makes free space squeezed into a shell, resulting in a hidden region in physical space. J. B. Pendry first proposes this TO-based cylindrical cloak [1] , and then many other kinds of cloaks such as square cloaks, elliptical cloaks, arbitrary shaped cloaks, and open cloaks are reported [13, [24] [25] [26] [27] . Since electromagnetic cloaks usually need extremely complex constitutive parameters (inhomogeneous, anisotropic, and especially singular), just simplified strategies (such as reduced cloaks) are adopted to experimental verification of the traditional cloaks [28] [29] [30] . However, the reduced cloaks inevitably bring about some side effects in the cloaking efficiency (In other words, it is just an imperfect cloak, and scattered fields appear when electromagnetic waves interacting with the reduced cloak.). To overcome these imperfections, carpet cloaks based on quasi-conformal mapping are proposed and demonstrated experimentally from microwave to optical frequencies [31] [32] [33] [34] [35] [36] [37] . However, the quasi-conformal mapping strategy generally results in a lateral shift of the scattered wave, whose value is comparable to the height of the cloaked object, making the object detectable [38] . In addition, this kind of carpet cloak is only able to hide object pressed against the ground plane.
In this paper, composite optical transformation is applied to design singular parameterindependent rotatable illusion media. Electromagnetic waves can be rotated (or bended) and compressed simultaneously, inside the rotatable illusion media. The rotatable illusion media can make the incident light beam bend around the objects without any scattered fields, for the incident light with specific incident directions and certain widths. In other words, when an object is covered with the rotatable illusion media, the incident light beam is bended around the object without interacting with the object, resulting in the singular parameter-independent cloaks. Such a kind of rotatable illusion media can also be used to design tunable miniaturized high-directivity antenna, which can overcome the bottleneck of the device itself which limits the possibility of size reduction. The other characteristic is that the radiation direction of the miniaturized high-directivity antenna can be tunable/rotatable, which may have potential application in wireless communication systems, especially for the indoor wireless secure access. Figures 1(a) and 1(b) illustrate the two-dimensional case of the power flow of plane wave propagating in free space and the rotatable illusion media, respectively. When plane wave interacting with the rotatable illusion media, the power flow streamlines are bended and compressed in region II (transformation region in R 1 <r<R 3 ) and region I (compression region in r<R 1 ), respectively. The corresponding electric permittivity and magnetic permeability tensors of the rotatable illusion media can be calculated as follows:
The general modes
where ( , ) ε μ and ( ', ') ε μ are the permittivity and permeability tensors in the virtual space and the physical space, respectively. Λ is the Jacobian transformation matrix. The coordinate transformation between virtual space and physical space in region II can be written as
where α is the rotation angle.
The corresponding Jacobian transformation matrix can be expressed as 3 1 0 0
in which
By using the theory of transformation optics, the permittivity ' ε and permeability ' μ in region II can be written as follows: 
where
' R r R < < and α⊇(0, 2π)). All of the values in Eq. (4) are independent of singular parameters. Therefore, the following cloaks based on this illusion media in Eq. (4) are the singular parameter-independent cloaks.
According to Eq. (4), permittivity and permeability tensors have non-diagonal components because of the non-conformal transformations. Based on the rotation transformation, the dielectric tensors in region II can be diagonalized, and the corresponding material parameters in eigen-basis can be expressed as 
In this case, all the off-diagonal components equal zero, and the components of μ 1 , μ 2 and ε z are finite (non-singularity) and positive for α = π/3, R 1 = 0.267mm, R 2 = 0.8mm, R 3 = 0.933mm, as shown in Fig. 1(c) (Actually, these components are also finite and positive for α⊇(0, 2π)). All of these components in Eq. (5) are also independent of singular parameters.
The transformation equations in region I can be written as
which means that the region of r<R 2 is compressed into region I. The corresponding permittivity ' ε and permeability ' μ in region I are
Numerical simulations and discussions
First, we investigate the functionalities of the rotatable illusion media shown in Fig. 2 . The plane wave propagates from the left side with frequency of 7.5 THz. Figure 2(a) shows the electric field distribution of the plane wave interacting with the illusion media for α = 0°. The electric distribution is twisted (bending from its out to core in x-axis) in region II and compressed into region I. In this situation, the illusion media is typically wave concentrator like in Ref [14] . For α≠0°, the corresponding electric distribution is quite different from the case of α = 0°. Figure 2 (b) displays the electric distribution of the rotatable illusion with plane wave illuminated from the left side for α = 90°. Obviously, the electric field is rotated and twisted in region II. Meanwhile, the plane wave changes its direction for π/2 inside region I. That is to say, the electromagnetic field distribution can be rotated and compressed simultaneously via the rotatable illusion media. Now, we study the singular parameter-independent cloaks by using the rotatable illusion media. As discussed in Eqs. (5) and (7), the corresponding permittivity and permeability of the rotatable illusion media are finite (non-singularity) and positive. When the incident Gaussian beam with a certain width propagates from specific incident directions, a singular parameter-independent cloak can be realized by using this rotatable illusion media, as shown in Fig. 3 . Here, it is important to note that the incident Gaussian beam should be limited in a small width. According to the coordinate transformation, the electromagnetic field in region of r<R 2 can be rotated and compressed into region I (r<R1) completely, so the width of the Gaussian beam in this paper must be less than R 2 . Figures 3(a 1 ) and (b 1 ) depict the electric field distributions of a Gaussian beam with a frequency of 7.5 THz propagating from the left side. When the Gaussian beam interacts with a bare semi-ellipse shaped PEC (perfect electrical conductivity) or two bare arbitrary-shaped PECs, strong scattered fields appear in the electric field distributions, as shown in Figs. 3(a 1 ) and (b 1 ) . The corresponding far-field patterns are shown in Fig. 3(d) by the red and dark yellow curves, respectively. However, when both of the semi-ellipse shaped PEC and the two arbitraryshaped PECs are covered by the rotatable illusion media with incident angle of α = 90°, as shown in Figs. 3(a 2 ) and 3(b 2 ) , respectively, the incoming Gaussian beam is bended around these PECs and does not interact with them. In other words, when the Gaussian beam shines on these PECs, the rotatable illusion media guides the Gaussian beam rotating with angle of 90°, and avoid the Gaussian beam interacting with these PECs. Figure 3 (c) depicts the electric field distribution of the same Gaussian beam propagating in free space. Comparing with Figs. 3(a 2 ), 3(b 2 ), and 3(c) and the far-field patterns in Fig. 3(d) , the PECs in Figs. 3(a 2 ) and 3(b 2 ) are invisible. We want to emphasize that such a kind of invisible cloak is singular parameterindependent (shown in Eqs. (5) and (7) compared with the traditional cylindrical-shaped cloak (The fundamental mechanism of traditional cloak is that a point in free space is expanded as a finite space, leading to the singular parameters-dependent transformation media.). As discussed above, the basic principle of our cloak is quite different from the case of the traditional cylindrical-shaped cloak.
Finally, we discuss a potential application of tunable miniaturized high-directivity antennas via this kind of rotatable illusion media. Although miniaturization and integration are inevitable trends in the development of telecommunication devices such as the tunable miniaturized high-directivity antenna, in many cases, it is the device itself that limits the possibility of size reduction and tunability. Here, our rotatable illusion media maybe a possible way to solve these bottleneck problems, because this media has the rotation and compression functions, simultaneously. Figures 4(a 1 ) and 4(b 1 ) show the electric field distributions of two small identical antenna arrays located in the central region of the rotatable illusion media for α = 0° and α = 90°, respectively. Here, we take a nine-element antenna array design as an example, and the current distribution on each element is set to be (Figs. 4(b 1 ) ), 4(a 2 ) 4(b 2 ) and 4(a 3 ) (4 (b 3 )), a large antenna array can be replaced by a small one covered with the illusion media. In addition, the direction of the radiation field can be well controlled by this illusion media. In a word, a tunable and miniaturized high-directivity antenna is realized by using our rotatable illusion media (with positive permittivity and permeability).
Conclusion
In conclusion, a rotatable illusion media with finite (non-singularity) and positive permittivity and permeability have been proposed and investigated. The incident Gaussian beam can be bended inside the rotatable illusion media. So, objects covered with the rotatable illusion media can be hidden by guiding the incident beam (with certain width and specific incident direction) bending around them, leading to singular parameters-independent cloaks. Such a kind of rotatable illusion media can also be applied to design tunable miniaturized highdirectivity antenna, which may have potential application in future indoor wireless secure access system.
